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The equation of motion coupled cluster theory including single and double excitations (EOM-CCSD)
method is applied to study the X-ray emission spectroscopy of water. For the 1b1 orbital, a difference
of about 0.7 eV is predicted between a tetrahedrally coordinated water molecule and a water molecule
in which water molecules accepting hydrogen bonds are absent, and as a proton is dissociated emission
from the 1b1 and 3a1 orbitals become closer in energy. The resonantly excited X-ray emission spectrum
for the 4a1 orbital shows a red-shift in the bands and a reduction in intensity for the 3a1 band.
 2012 Elsevier B.V. Open access under CC BY license.1. Introduction
Water is the most important liquid, and the nature of its struc-
ture remains a topic of keen debate and an active area of research
[1–9]. Much of this debate centers around whether water has a
mainly tetrahedral structure with a continuum of distorted hydro-
gen bonds, or if it contains a mixture of two distinct components.
One major development in recent years is the application of in-
ner-shell spectroscopic techniques, such as X-ray absorption spec-
troscopy (XAS) and X-ray emission spectroscopy (XES) at the
oxygen K-edge to investigate the structure of water [2,10–12].
These methods can provide a direct structural probe of water, pro-
viding insight into the nature of its hydrogen bonding network.
Theoretical studies play a critical role in these studies, since the
analysis of the experimental data requires calculations to provide
a link between the observed spectral features and the underlying
structure. However, the simulation of the XAS or XES for liquid
water presents a difﬁcult challenge because it requires accurate
molecular dynamics simulations to provide a correct description
of the molecular structure coupled with accurate calculations of
the spectral properties, i.e. excitation energies and line intensities.
Furthermore, adequate sampling over molecular conﬁgurations
also needs to be accounted for.
While there has been considerable attention to the XAS of liquid
water [2], XES has also been exploited to probe the structure of
water. XES probes the occupied orbitals and provides complemen-
tary information to XAS which probes the unoccupied orbitals. At
the oxygen K-edge, the XES of water focuses on three occupied
valence orbitals, the bonding 1b2 and 3a1 orbitals, and the
non-bonding 1b1 orbital. In gas-phase, these transitions areY license. observed at 521.0, 525.1 and 527.1 eV, respectively [13]. The XES
of amorphous ice was measured by Gilberg et al. [14] and it was
observed that the strong band for the 1b1 orbital had two distinct
peaks at 525.6 and 526.4 eV, and it was concluded that the struc-
ture contains some molecules with distorted or broken hydrogen
bonds. The XES of liquid water has been measured in several stud-
ies [10,11,13] and complemented by theoretical calculations which
consider a large number of water molecules embedded in a contin-
uum dielectric [10,13]. Subsequent experimental studies at higher
resolution [12,15], have shown the 1b1 band to comprise two dis-
tinct peaks at 525.8 and 526.8 eV, and it has also been shown
through isotopic substitution that the XES of water is inﬂuenced
by excited state dynamics on the time-scale of the core–hole life-
time [16,17]. Several interpretations of the splitting of the 1b1 band
have been proposed, with it being associated with two distinct
hydrogen bonding structural motifs [12], or alternatively the two
peaks were assigned to water and OH, where ultrafast dissocia-
tion occurs and a proton is removed during the core–hole lifetime
[15].
Theoretical spectra have been determined for ice and liquid
water, wherein the 1b1? 1s emission energies were determined
as the energy difference between the states with a vacancy in the
1s and 1b1 orbitals using density functional theory (DFT) [12].
These calculations showed that the emission for the 1b1 orbital is
sensitive to the hydrogen bonding with a much weaker depen-
dence on the internal structure of the water molecule, and that
structures with a large degree of hydrogen bonding are found at
lower emission energies. Another interpretation that the lower en-
ergy part of the 1b1 emission arises from the 3a1 orbital in tran-
sient OH species was proposed by Odelius [18,19] based on
theoretical calculations. This was supported by angular dependent
XES measurements, which indicated that the two components had
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to be also consistent with the two component model of water [21].
Time dependent density functional theory (TDDFT) provides an
alternative formalism through which both X-ray absorption and
X-ray emission spectra can be computed [25]. One advantage of
this formalism is that information on all relevant states can be ob-
tained within a single calculation, avoiding the need for separate
calculations to determine the energies of the different states. How-
ever, the application of TDDFT to XAS and XES is not straightfor-
ward due to the approximate nature of the exchange–correlation
functionals used in DFT. For XAS, excitation energies computed
with TDDFT show larger errors compared with those from a energy
difference of the relevant states [26]. While progress has been
made towards exchange–correlation functionals designed for core
excitations [27–31], the calculation of spectra with more exact the-
ories, such as coupled cluster theory, remains an attractive alterna-
tive. The cost of these calculations is considerably greater than
approaches based on DFT, and this makes extensive sampling over
structural conﬁgurations with large numbers of water molecules
impractical. However, studies of model clusters comprising a small
number of water molecules can provide insight into the nature of
the XES spectrum and its dependence on the hydrogen bonding,
and reafﬁrm ﬁndings from DFT calculations. In this Letter, the
equation of motion singles and doubles coupled cluster (EOM-
CCSD) theory is applied to study the XES of water clusters, and
the sensitivity of the computed spectra to hydrogen bonding and
the dissociation of a proton is investigated.Table 1
Computed X-ray emission energies in eV. Experimental data from references
[13,39–43].
Transition Exp. EOM-CCSD
CH4 1t2? 1a1 276.3 276.2
C2H2 3rg !1rg 274.1 273.8
C2H2 1pu !1rg 278.9 279.8
CH3OH 6a0 ? 2a0 277.4 276.5
CH3OH 7a0 ? 2a0 279.5 278.6
CH3OH 2a00 ? 2a0 281.2 279.9
NH3 1e? 1a1 388.8 388.9
NH3 2a1? 1a1 395.1 395.0
H2O 1b2? 1a1 521.0 521.0
H2O 3a1? 1a1 525.1 525.3
H2O 1b1? 1a1 527.0 527.6
CH3OH 6a0 ? 1a0 523.9 522.7
CH3OH 7a0 ? 1a0 526.1 526.0
CH3OH 2a00 ? 1a0 527.8 528.0
CH3F 5a1? 1a1 675.6 675.5
CH3F 2e? 1a1 678.6 679.0
MADa - 0.4
MEb - 0.1
a Mean absolute deviation.
b Mean error.2. Computational details
Within coupled cluster theory [22], excited states are usually
computed using the equation-of-motion scheme wherein excited
states are obtained through the diagonalization of a similarity
transformed Hamiltonian [23]. This is usually done in conjunction
with coupled cluster theory including single and double excita-
tions to give the EOM-CCSD method. For valence states, this ap-
proach can typically provide agreement with experimental data
of about 0.2 eV [24]. To extend EOM-CCSD to compute X-ray emis-
sion energies, we apply EOM-CCSD to a Hartree–Fock determinant
with a core–hole. Obtaining such core-excited state determinants
is not straightforward since the variational collapse of the core–
hole during the self-consistent ﬁeld (SCF) procedure must be pre-
vented. There are several approaches through which this can be
achieved. Here we use an approach called the maximum overlap
method (MOM) [32] to obtain Hartree–Fock determinants for the
cation with a core–hole within an unrestricted formalism. More
speciﬁcally, excitation energies are obtained as follows. Firstly,
an unrestricted Hartree–Fock (UHF) calculation is performed for
the neutral molecule or cluster to generate a set of molecular orbi-
tals for the a subsequent UHF calculation in which a core–hole is
introduced and the MOM procedure invoked to prevent the varia-
tional collapse of the core–hole. Once this calculation is converged,
the CCSD and EOM-CCSD calculations can proceed without any
additional modiﬁcations and the relevant emission energies appear
as negative eigenvalues. Intensities for the transitions are com-
puted using a similar procedure but with single excitation conﬁg-
uration interaction (CIS) calculations applied to the UHF core–hole
wavefunction. Where the intensities are given, the absolute emis-
sion intensity is reported and no polarization dependence is ac-
counted for.
Using a reference HF determinant with a core–hole can lead to
convergence problems in the CCSD calculation. For such a determi-
nant there will be a virtual orbital with a much lower energy than
most of the occupied orbitals. In some cases, the coupled cluster
amplitudes for double excitations containing excitation into thislow energy virtual orbital grow rapidly, and the energy rapidly
tends to 1. In related studies that have observed similar conver-
gence problems, such amplitudes have been set to zero [33] or
scaled for the early cycles of the CCSD calculation [34]. For the cal-
culations presented here, no convergence problems were encoun-
tered with the CCSD calculations. Unless stated otherwise,
calculations have been performed with 6-311G⁄⁄ basis set at the
ground state geometry optimized at the MP2/cc-pVTZ level since
the life-time of the core–hole is shorter than the time related to
the rearrangement of the hydrogen bonding network [35]. The
Q-CHEM software package [36] was used for all calculations.3. Results
Before considering water clusters, the EOM-CCSD methodology
has been applied to study the XES of a range of small molecules.
The computed emission energies are shown in Table 1, and illus-
trate the accuracy that is achieved using this approach. Most of
the calculated emission energies are very close to the experimental
values, and overall the mean absolute deviation is 0.4 eV. The mean
error is 0.1 eV, and indicates that there is not a systematic over or
underestimation of the emission energies. It is likely that larger ba-
sis sets, particularly with a better description of the core orbitals,
would improve the agreement with experiment. However, in the
context of the present Letter, larger basis sets would place greater
restriction on the number of water molecules that can be studied.
Furthermore, the present calculations do not take account of rela-
tivistic effects. Focusing on water, the computed emission energies
for the b1? 1a1, 3a1? 1a1 and 1b2? 1a1 transitions are 527.6,
525.3 and 521.0 eV, with oscillator strengths 0.060, 0.049 and
0.044, respectively. Corresponding energies computed using a
DCCSD (T) approach are 527.7, 525.3 and 521.1 eV, which are close
to the EOM-CCSD values. Overall, this provides an accurate
description of the spectrum of water and indicates that EOM-CCSD
should provide a reliable platform to study the XES of water.
Model systems comprising small clusters of watermolecules can
provide insight into the effects of hydrogen bonding on the emission
spectrum. The simplest of these models is the water dimer. Table 2
shows the computed emission energies and intensities for the opti-
mized structure of (H2O)2 and the optimized structure where the
hydrogen bond length has been constrained to be short (r = 1.50 Å
compared to r = 1.94 Å). The structure is shown in Figure 1, and
Table 2
Computed X-ray emission energies and intensities for (H2O)2.
Excitation DE
(eV)
fa DE
(eV)b
fa,b
1b1(O1)? 1s (O1) 527.7 0.060 527.9 0.060
1b1(O2)? 1s (O2) 527.4 0.059 527.2 0.058
1b1(O2)? 1s (O1) 526.2 0.000 527.4 0.000
3a1(O1)? 1s (O1) 525.4 0.049 524.3 0.049
3a1(O2)? 1s (O2) 525.3 0.050 525.4 0.051
3a1(O2)? 1s (O1) 523.9 0.000 526.2 0.000
1b1(O1)? 1s (O2) 523.0 0.000 522.5 0.000
1b2(O1)? 1s (O1) 521.0 0.044 520.9 0.044
1b2(O2)? 1s (O2) 521.0 0.044 520.2 0.044
1b2(O2)? 1s (O1) 520.1 0.000 520.9 0.000
3a1(O1)? 1s (O2) 520.0 0.000 517.9 0.000
1b2(O1)? 1s (O2) 516.4 0.000 514.9 0.000
a Oscillator strength.
b Values for (H2O)2 with a short (r = 1.50 Å) hydrogen bond.
Figure 1. Optimized water dimer.
Table 3
Computed X-ray emission energies in electron volt for the central water molecule in
the water clusters shown in Figure 2.
Excitation 1 2 3 4 5
1b1? 1s 527.1 527.1 527.4 527.3 527.8
3a1? 1s 525.2 525.2 525.5 525.2 525.7
1b2? 1s 521.0 520.6 520.1 520.9 521.2
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labels the donating oxygen. In addition to transitions between orbi-
tals on the same water molecule, charge transfer transitions where
transitions occur between valence and core orbitals on different
water molecules are observed. While it is straightforward to com-
pute these charge transfer transitions, the calculations show that
the intensities are essentially zero and so they would not be ob-
served in experiment. The water dimer has two hydrogen bonding
environments, with one water molecule accepting a hydrogen bond
and the other donating a hydrogen bond. For the 1b1 band, a differ-
ence of 0.3 eV is predicted between the two local 1b1? 1s transi-
tions, with the transition energy for the water molecule accepting
a hydrogen bond slightly higher than for a single water molecule
andwith the transition energy for the donatingwatermolecule low-
er. The value for the splitting between the two bands for the donor
and acceptorwatermolecules is sensitive to the length of the hydro-
gen bond. If the length of the hydrogen bond is constrained to be
short then the splitting between the two 1b1 bands is increased.
For a value of 1.5Å, which lies at the extreme of hydrogen bond
lengths from molecular dynamics simulations [37], the splitting in
the two b1 bands is found to be 0.7 eV.
There is a much greater variation in the computed emission
energies for the charge transfer transitions involving the 1b1 orbi-
tals. These are predicted to have signiﬁcantly lower transition
energies compared to the local transitions, and are computed to
lie at 526.2 and 523.0 eV. The local transitions from the 3a1 orbital
show a different pattern of behavior. For the fully optimized struc-
ture, the computed transition energies for both hydrogen bond
donating and accepting water molecules are higher than for gas
phase water, and overall all a small spitting is predicted. The tran-
sition energies for the local 1b2 orbitals remain unchanged for the
fully optimized structure. Again, the transition energies for the
charge transfer transitions involving 3a1 and 1b2 orbitals are much
lower in energy compared to the local transitions.
The study of larger water clusters can provide insight into the
relationship between the emission energies and different hydrogenbonding environments. It has been suggested that such different
environments result in the splitting of the 1b1 band, where the
lower energy peak arises from tetrahedrally (or fourfold) coordi-
nated water and the higher energy peak to less than fourfold coor-
dinated structures [12]. Table 3 shows the computed emission
energies for the central molecule in a range of water clusters com-
prising 3–5 water molecules depicted in Figure 2. Structure 1 has
the central water molecule with tetrahedral coordination, which
is the dominant conﬁguration in liquid water. The structure was
generated by placing the ﬁve oxygen atoms with tetrahedral coor-
dination with a central oxygen to oxygen distance of 2.8 Å, which is
the distance corresponding to the peak in the radial distribution
function of water at 298 K and 1 bar [37]. The oxygen atoms were
then ﬁxed in position and the locations of the hydrogen atoms
optimized using MP2/cc-pVDZ. The structures 2 and 4 have one
or both of the water molecules donating a hydrogen bond to the
central water molecule removed. For these structures, the posi-
tions of the hydrogen atoms was optimized after the removal of
the water molecule(s). Similarly, structures 3 and 5 have one or
both of the water molecules accepting a hydrogen bond to the cen-
tral water molecule removed. In particular, structure 3 is analogous
to the DASYM conﬁguration which has been studied elsewhere,
and assigned to be the origin of the shoulder observed in XAS mea-
surements [38].
The computed emission energies for the central water molecule
in the structures 1–5 are shown in Table 3. Comparison of the
emission energies for structure 1, where the central water mole-
cule is fully coordinated, shows that the 1b1 transition energy is
the most sensitive to this hydrogen bonding environment with a
signiﬁcant shift to lower emission energy with hydrogen bonding.
This is consistent with previous work which also showed that
structures with a large degree of hydrogen have lower emission
energies for the 1b1 transition [12]. The emission energies for the
3a1 and 1b2 orbitals are less sensitive to the hydrogen bonding in
structure 1 and show a smaller change compared to their gas phase
values. Initially, the 1b1 transition is considered. Removing the
water molecules hydrogen bonding to the oxygen atom of the cen-
tral water has little affect on the transition energies compared to
the fully coordinated water. The shift in the transition energy com-
pared to gas phase appears to be induced by the hydrogen bonds at
the hydrogen atoms of the central water molecule (structures 3
and 5). This is consistent with the dimer calculations, wherein a
greater shift is observed for the water molecule donating a hydro-
gen bond. Overall, the removing the waters molecules accepting a
hydrogen bond results in a shift of 0.3–0.7 eV, which is close to the
splitting of the 1b1 band observed in experiment. The 3a1 emission
energy is also more sensitive to the waters molecules accepting a
hydrogen bond, and an increase in the emission energy compared
to the tetrahedrally coordinated water molecule is seen in struc-
tures 3 and 5. For the 1b2 emission energy, removing donating
and accepting hydrogen bonds in structures 2 and 3 result in a
reduction in the emission energy.
Previous studies have shown that core–hole dynamics play an
important role in the emission spectrum of water [16,17] and
OH has been suggested as the origin of the lower energy compo-
nent of the 1b1 band observed at 525.8 eV [15]. Figure 3 shows the
Figure 2. Water clusters used in the calculations. The asterisk denotes the oxygen atom with a core–hole.
Figure 3. Variation in computed emission energies with rO—H bond length.
N.A. Besley / Chemical Physics Letters 542 (2012) 42–46 45computed emission energies for the 1b1, 3a1 and 1b2 orbitals as
one of the oxygen–hydrogen bond lengths ðrO—HÞ is increased from
near the equilibrium value of 0.958 to 3.0 Å. For the sake of clarity
in the discussion, the symmetry labels for the orbitals are retained
even though they no longer apply once the C2v symmetry is broken.
For these calculations a constrained geometry optimization at the
MP2/cc-pVTZ level is performed on the ground state potential
energy surface with a ﬁxed oxygen–hydrogen bond length, andso represents a minimum energy path of elongation and breaking
of the O–H bond. The limit of this process is the OH ion, which
is also shown. Since these calculations are for an isolated molecule,
changes in the mixing of the orbitals with surrounding water mol-
ecules will not be accounted for. For the 1b1 orbital, there is an ini-
tial small increase in the emission energy and then after
rO—H  1:5 Å the emission energy falls. For the 3a1 orbital there is
an increase in the emission energy, which increases at a faster rate
after rO—H  1:5 Å. In the limit of OH, these two states are degen-
erate since they correspond to different components of the p orbi-
tal for which the emission energy is computed to be 526.5 eV with
an oscillator strength of 0.056. This computed emission energy is
little higher than the for the lower energy component of the b1
band observed in experiment. However, this difference is reduced
by considering OH in a continuum dielectric to describe bulk
water, which lowers the emission energy by nearly 0.2 eV. The va-
lue for OH is 1.2 eV lower in energy than the 1b1 band for the H2O
molecule, and 0.6 eV lower than the value obtained for tetrahe-
drally coordinated water which is close to the splitting observed
in experiment. For the 1b2 orbital, there is a steep increase in the
computed excitation energy as the rO—H bond is stretched. In the
limit of OH, this transition corresponds to the r orbital which is
computed to lie at 522.1 eV. This increase in the excitation energy
for the 1b2 orbital is also evident in the calculations of Odelius [18].
Figure 4 shows computed non-resonant and resonant X-ray
emission spectra for a water molecule. For the resonant spectra,
the UHF calculation is converged to give the state in which an elec-
tron from the oxygen 1s orbital is excited to the 4a1 orbital, and
518 520 522 524 526 528 530
Energy / eV
In
te
ns
ity
non-resonant
resonant (4a1)
Figure 4. Calculated non-resonant and resonant X-ray emission spectra of H2O.
46 N.A. Besley / Chemical Physics Letters 542 (2012) 42–46used as reference for a EOM-CCSD calculation. A number of differ-
ences between the spectra are evident. All of the bands are shifted
to lower emission energies by 0.7–0.9 eV and there is a signiﬁcant
reduction in the intensity of the 3a1 band. These ﬁndings agree
well with earlier calculations at the HF level which found a red-
shift of 0.9 eV for the 1b1 band and a reduced intensity for 3a1 [13].
4. Conclusions
In this Letter we have applied the EOM-CCSD methodology to
study the XES of water based on calculations of small clusters of
water molecules with a focus on the origin of the splitting of the
1b1 band that is observed in experiment. EOM-CCSD provides a
method that can predict the absolute positions of the bands ob-
served in XES from ﬁrst principles. Calculations on the water dimer
indicate that hydrogen bonding has a greater affect on the water
molecule accepting a hydrogen bond and that CT transfer transi-
tions occur at lower emission energies than the corresponding lo-
cal transitions. The calculated emission energies for a water
molecule in different hydrogen bonding environments show that
hydrogen bonding from other water molecules leads to a lowering
in the emission energy for the 1b1 orbital. In particular it is water
molecules that accept hydrogen bonds that are responsible for the
lowering in the emission energy, and a difference of about 0.7 eV is
predicted between the fourfold tetrahedrally coordinated water
molecule and a water molecule in which water molecules accept-
ing hydrogen bonds are absent, where the tetrahedrally coordi-
nated water molecule has a lower emission energy. This is
consistent with previous analysis involving DFT calculations that
support the two component model of liquid water [12]. Calcula-
tions that consider the emission energies as a proton is dissociated
from water illustrate that after a bond length of about rO—H ¼ 1:5 Å
the emission energies for the 1b1 and 3a1 orbitals becomes closer.
In the limit of OH these orbitals become degenerate as different
components of the p orbital. The emission energy for this orbital
is predicted to be 1.2 eV lower in energy than for the 1b1 orbital
in gas phase H2O and 0.6 eV lower than the value obtained for
tetrahedrally coordinated water.Overall, the calculations highlight the complex nature of assign-
ing features observed in spectral measurements of liquid water to
underlying structural features. The calculations cannot conclu-
sively rule out either interpretation for the origin of the splitting
of the 1b1 band. However, the calculations do represent a step to-
ward more accurate simulations of the XES of liquid water, which
are likely to be necessary to resolve the debate regarding the differ-
ent structural models of water. The calculations do show that
predictions at more approximation and computationally less
expensive levels of theory do mostly predict relative changes in
the spectra due to different environments successfully.
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